A prospective observational cohort study was undertaken with two endpoints: (1) to compare the time cut-off of 48 h and the carrier state criterion for classifying lower airway infections in adult and paediatric long-term ventilated patients, and (2) to evaluate the potential of optimized time cut-offs for characterizing imported and ICU-acquired lower airway infections. All patients admitted to the general and paediatric intensive care units and expected to require mechanical ventilation for a period 3 days were enrolled. Surveillance cultures of throat and rectum were obtained on admission and thereafter twice weekly to distinguish micro-organisms that were imported into the unit from those acquired during the stay on the unit. A total of 130 adults and 400 children were studied. In the adult population, 70% of lower airway infections were classified as ICU-acquired by the 48 h cut-off and 48% by the criterion of carriage; on the paediatric ICU the percentages were 65% and 20%, respectively. To separate imported from ICU-acquired infections, eight days was optimal in the adult population and 10 days in the paediatric population. Sensitivity, specificity, positive predictive value and negative predictive value for a time cut-off of eight days for adults were 86, 77, 80, 83%, respectively, and using 10 days for children were 87, 62, 90, 56%, respectively. The use of the 48 h cut-off rule classifies patients as having nosocomial pneumonia, when in fact the infections are commonly caused by microorganisms carried in by the patients. In contrast, using the carriage method, the proportion of lung infections due to nosocomial bacteria was relatively small and was a late phenomenon. Although in prolonging the time cut-off the difference between the two types of classification was shorter, time cut-offs were still found to be unreliable for distinguishing imported from unit-acquired lower airway infections.
Classifying lower airway infection is pivotal in any infection control program, particularly in the intensive care unit (ICU). A recent epidemiological study has classified lower airway infections as community-, hospital-and ICU-acquired 1 . No specific time during or after the hospitalization is given by the Centers for Disease Control and Prevention (CDC) to determine whether an infection is nosocomial or communityacquired 2 . However, "incubation" times have been introduced to improve the distinction between lower airway infections acquired in the community and/or in the hospital/ward from those acquired during ICUstay. In this setting, a 48 h time cut-off has been commonly applied 3 . Moreover, many clinicians have appreciated that a lower airway infection developing after 48 h of ICU stay, caused by a microorganism imported by the patient's admission flora, can not be considered as "true" ICU-acquired. Obviously, the pneumonia is nosocomial, i.e. the infection occurs in the ICU because the patient required a minimum of two days of intensive care due to illness severity. However, the causative microorganism is not nosocomial: the microorganism does not belong to the ICU microbial ecology as the patient imported the microorganism in his admission flora. This experience inevitably prompted investigators to introduce arbitrary time cut-offs of three, four, five, and even seven days in order to accurately separate imported from ICU-acquired pneumonias [4] [5] [6] [7] .
A new classification of ICU infections, based on the patient's carrier state, has recently been proposed 8 . This approach allows the distinction between imported and nosocomial carriage of potentially pathogenic microorganisms (PPMs), in addition to endogenous and exogenous infections. Using this criterion, two recent studies have shown that most ICU infections were not acquired on the ICU 9,10 , and that time cut-offs were not appropriate criteria for distinguishing imported from ICU-acquired infections 10 . However, the predictive potential of incubation time for separating imported from ICU-acquired lower airway infections has not yet been evaluated in the clinical setting.
The aims of this study were to compare the time cut-off of 48 h and the carrier state criterion for classifying lower airway infections in adult and paediatric long-term ventilated patients, and to evaluate the potential of optimized time cut-offs for characterizing imported and ICU-acquired lower airway infections.
MATERIALS AND METHODS

Patients
Patients were enrolled in this observational study from 1 July 1996 to 30 June 1997. Two patient populations were studied, one adult and one paediatric. The units involved were: an 11-bed medical/surgical ICU, (University Institute of Anaesthesia, Intensive Care and Pain Therapy, Trieste, Italy) and a 20-bed paediatric ICU, 12 general and eight cardiac (Alder Hey Children's Hospital, Liverpool, U.K.).
All patients who were expected to require mechanical ventilation for >72 h were studied. The observation period ended with the extubation, death or discharge of the patient. The study was approved by the Institutional Ethics Review Board. Informed consent was not required as there was no change in clinical practice.
Data collection
Age, gender, diagnosis and clinical status were prospectively recorded for each patient. Severity of illness at study entry was estimated using the simplified acute physiology score (SAPS) II in adults 11 and the paediatric index of mortality (PIM) score in children 12 . The number of lower airway infection episodes, the day of infection onset, the microorganisms involved and their sensitivity to antibiotics, and the classification of infections according to both the 48 h cut-off and the carrier state criterion were recorded at each centre.
Study protocol
Surveillance samples of oropharyngeal and rectal swabs were obtained on admission to the ICU, and twice weekly (e.g. Monday and Thursday) thereafter. Diagnostic samples were obtained on clinical indication only.
Chest X-rays were taken on suspicion of lower respiratory tract infection.
All lower airway infection episodes were classified according to both the 48-h time cut-off and the carrier state. Three types of infection were defined using the method of time 1 . Community-acquired infection is an infection occurring in the community, but manifest on admission to the ICU. Hospitalacquired infection is an infection present on admission to the ICU in a patient who was previously hospitalized in another hospital or ward. ICU-acquired infection is an infection having originated in the ICU but not clinically evident at the time of admission to the ICU. A time cut-off of 48 h was used to distinguish community-and hospital-acquired infections from those acquired in the ICU.
Three types of infection were distinguished using the criterion of the carrier state 8. Primary endogenous infections are infections caused by both community and hospital PPMs carried by the patient in throat and/or gut on admission to the ICU. Secondary endogenous infections are caused by PPMs not carried in throat and/or gut at the time of admission to the ICU, but acquired during ICU stay. Surveillance and diagnostic samples yield the same microorganism in infections of endogenous origin. Exogenous infections are caused by PPMs introduced into the patients from the environment, either animate or inanimate. Bacteria are transferred directly into an internal organ without previous carriage. In exogenous infections surveillance samples are negative for microorganisms that appear in diagnostic samples.
According to this criterion, only secondary endogenous and exogenous infections were labelled ICU-acquired infections, whilst primary endogenous infections were considered to be imported infections.
Definitions
Carriage or carrier state was defined as the patient's state where the same strain of microorganism was isolated from at least two consecutive surveillance samples, in any concentration, over a period of at least one week 13 .
Surveillance samples included samples from body sites where PPMs were carried, such as the digestive tract; diagnostic samples were defined as samples from normally sterile internal organs, such as lower airways, bladder and blood 13 .
Lower respiratory tract infections, including pneumonia and tracheobronchitis, were diagnosed and registered if (i) the clinical diagnosis of local and/or generalized inflammation was microbiologically proven, and (ii) if the patient's condition necessitated antimicrobial treatment. Microbiologically proven diagnosis of pneumonia was defined by the presence of fever ≥38.5°C, white blood cell count >12,000/mm 3 or <4,000/mm 3 , purulent endotracheal aspirate with semiquantitative cultures at a concentration of ≥10 5 , and a new or progressive pulmonary infiltrate on chest radiograph for >48 h 14 .
Tracheobronchitis was defined by the presence of all above features, without the radiographic findings.
Microbiological methods
Surveillance samples of oropharyngeal and rectal swabs were processed in a semiquantitative and qualitative way to detect the level of carriage 8 . Three solid media, MacConkey, staphylococcal and yeast agar were inoculated using the four-quadrant method combined with brain-heart infusion broth. All cultures were incubated aerobically at 37°C. The MacConkey plate was examined after one night's incubation, staphylococcal and yeast plates after two nights. Additionally, if the enrichment broth was turbid after one night, it was inoculated onto the three media. A semiquantitative estimation was made by grading growth density on a scale of 1+ to 5+, as follows: growth in the broth only = 1+ (10 colonies forming units (cfu)/ml); growth in the first quadrant of the solid plate = 2+ (≥10 3 cfu/ml); in the second quadrant = 3+ (≥10 5 cfu/ml); in the third quadrant = 4+ (≥10 7 cfu/ml), and in the whole plate = 5+ (≥10 9 cfu/ml). Diagnostic samples, such as blood, airway secretions, urine, and pus were processed in a semiquantitative and qualitative way using standard microbiological methods. For all types of samples, macroscopically distinct colonies were isolated in pure culture. Standard methods for identification, typing and extended sensitivity patterns were used to confirm or refute the relatedness of microorganisms.
Antimicrobial policy
All patients received infection prophylaxis with the full protocol of selective decontamination of the digestive tract (SDD), consisting of a parenteral antibiotic, a combination of selected non-absorbable topical antimicrobials, high level of hygiene, and surveillance samples 15 . Parenteral cefotaxime, 100 mg/kg/day (or ceftazidime if the patient was suspected to carry a pseudomonal strain), was given for four days after endotracheal intubation. Selected non-absorbable antimicrobials were administered in the digestive tract. 0.5 g of 2% gel of polymyxin E, tobramycin and amphotericin B were applied topically in the oropharynx four times a day, and 10 ml of a suspension containing 100 mg polymyxin E, 80 mg tobramycin and 500 mg amphotericin B were administered through a nasogastric tube four times a day. Surveillance samples of throat and rectum were taken on admission and twice weekly thereafter. The standards of hygiene recommended by the CDC were employed 16 .
Systemic antibiotics were given in case of infection according to clinical indications and laboratory results. In general, a five-day course of antibiotics was given followed by clinical re-evaluation of the patient. Stress gastric ulcer prophylaxis with sucralfate or H2-receptor antagonists was not routine.
Statistical analysis
Exploratory analysis of the data was performed, including the evaluation of median values and percentages as appropriate. All tests of significance were based on the Likelihood Ratio Test at a significance level of 0.05. A receiver operating characteristic (ROC) curve was constructed to estimate the best time cut-off that would distinguish imported (i.e. primary endogenous) from ICU-acquired (i.e. secondary endogenous and exogenous) lower respiratory tract infections; standard errors of estimates were computed using Delong's method 17 . The following operative indices of each time cut-off considered as a "test" were assessed in a 2 x 2 table: sensitivity (ratio of predicted imported to truly imported infections); specificity (ratio of predicted ICU-acquired to truly ICU-acquired infections); positive predictive value (ratio of predicted imported to number of infections meeting that time cut-off); negative predictive value (ratio of predicted ICU-acquired to number of infections not meeting that time cut-off). All computations were performed using S-plus, exploratory analysis and plots were drawn using Design, Hmisc libraries, and ROC analysis using ROC libraries for S-plus 17, 18 . 
RESULTS
Patients
Lower respiratory tract infections and microorganisms
Twenty-one adult patients (16%) developed 27 lower airway infection episodes (median onset 8 days). Thirty six (9%) children developed 40 lower airway infection episodes (median onset 4.5 days) ( Table 1) . Table 2 shows PPMs causing primary and secondary endogenous, and exogenous lower airway infections. In adults, 19 episodes (70%) of pneumonias were caused by methicillin-resistant Staphylococcus aureus (MRSA), and three (11%) by Pseudomonas aeruginosa. About half of infections (52%) were primary endogenous. All ICU-acquired infections were caused by MRSA. In PICU patients, the majority of lower respiratory tract infections were due to "community" PPMs, namely methicillinsensitive S. aureus (MSSA) (27%), Haemophilus influenzae (27%), and Moraxella catarrhalis (7%). Only one secondary endogenous lower airway infection was caused by MRSA.
Classification of lower airway infections
In adult population there was a total of 19 (70%) ICU-acquired infections using the 48 h time cut-off, whilst the carrier state criterion classified 13 (48%) "true" ICU-acquired infections, i.e. secondary endogenous and exogenous episodes. About half the infections (52%) were of primary endogenous development, i.e. they were caused by microorganisms present in the patient's admission flora. Therefore, the carrier state classification transferred six (32%) infections from the ICU-acquired group into the import group (Table 3) .
Using the time criterion of 48 h, 26 (65%) infection episodes were classified as PICU-acquired. In contrast, only 8 (20%) episodes were considered to be nosocomial or unit-acquired using the carriage method (Table 3 ). In practice, the carrier state classification transferred 18 (69%) infections from the ICU-acquired group into the import group. Primary endogenous infections occurred significantly earlier than secondary endogenous and exogenous infections, in both adult and paediatric patients (P<0.05).
Time cut-off vs carriage
The best time cut-offs to separate imported (i.e. primary endogenous) from ICU-acquired (i.e. secondary endogenous and exogenous) infections were eight and ten days in adult and paediatric popu-lations respectively (Table 4 ). Both time cut-offs have been shown to detect "true" imported infections (i.e. primary endogenous infections) more accurately than the 48 h cut-off. In adult patients, the time cut-off of 48 h was not sensitive but, by definition, highly specific (sensitivity 57%, specificity 100%). All infections developing before 48 h were primary endogenous (positive predicted value 100%). Out of 19 infection episodes occurring after 48 h, 13 were ICUacquired (negative predictive value 68%). In the same population, a time cut-off of eight days was more sensitive (86%) and specific (77%) than 48 h. eight days were caused by microorganisms imported into the ICU, and ten out of 12 (83%) were caused by ICU-acquired microorganisms.
In the paediatric population the 48 h time cut-off was 75% specific, but had a low sensitivity of 37%. Most lower respiratory tract infections developing before 48h were of primary endogenous development (positive predictive value 86%), but only 6 out of 26 (23%) infections developing after 48 h were acquired in the unit. The time cut-off of ten days had a high sensitivity but a low specificity (87% and 62%, respectively). The positive predictive value was 90% with a negative predictive value of 56%.
DISCUSSION
The major finding emerging from this observational study in adult and paediatric patients is that lower airway infections due to microorganisms acquired in the unit (i.e. nosocomial) account for approximately one third of all infections, and that those infections in general occur after one week. Using the concept of the carrier state to distinguish infections due to imported bacteria from those caused by microorganisms associated with the unit, lower airway infections are found to be mainly an "early" problem not caused by nosocomial bacteria acquired in the unit. In contrast, the magnitude of lower airway infections due to nosocomial bacteria is relatively small and is a "late" event. Eight and ten days are found to be a cut-off more in line with the carrier state classification to distinguish imported from ICU-acquired infections.
The finding that lower respiratory tract infection in ventilated patients is an early phenomenon is in line with a recent Canadian study showing that the daily risk of developing ventilator-associated pneumonia decreased after day five 19 . Recent studies indicate that critically ill patients are predisposed to infection complications because of diminished host defences, both local and general 20, 21 . It is highly likely that the microorganism present in the patient's oropharynx and gut on admission will cause lower airway infections following oropharyngeal overgrowth and migration into the lower airways 5 . Early lower airway infections may account for as many as 50% of the cases of ventilator-associated pneumonia, and practically all aetiologic bacteria represent oropharyngeal flora present on admission 22, 23 . If the patient is previously healthy, including trauma and burns, the causative bacteria are Streptococcus pneumoniae, H. influenzae and MSSA [24] [25] [26] . Aerobic Gram-negative bacilli and MRSA may cause lower respiratory tract infections within the first week if the patient has a chronic underlying disease, such as diabetes 27 , chronic obstructive pulmonary disease 28 , or is transferred from another hospital, ward or nursing home with a debilitating condition. In our study these typical hospital bacteria were responsible for 13 early lower respiratory tract infections (ten in adults and three in the paediatric population). Systemic antibiotics administered immediately on admission may prevent early lower airway infections 19, 24, 25, 29 .
Most patients recover within one week following intensive therapy, including systemic antibiotics. However, there is a subset of critically ill patients whose underlying condition is so severe that they require long-term mechanical ventilation. They do not recover but deteriorate following the ongoing immunoparalysis. They develop the abnormal carrier state with nosocomial aerobic Gram-negative bacilli and MRSA acquired in the unit. This condition of super-carriage or secondary carriage is readily followed by overgrowth in throat and gut, and may lead to secondary endogenous infections or superinfections of the lower airways 30 risk of a third type of lower respiratory tract infection, the exogenous lower airway infection. Purulent lower airway secretions yield a microorganism that is not present in the oropharyngeal and/or gut flora. This type of infection is particularly relevant in patients with a tracheostomy 31 . The nosocomial bacterium is introduced directly into the lower airways via the tracheostomy without previous oropharyngeal carriage. The causative microorganisms are invariably nosocomial Acinetobacter baumannii, P. aeruginosa and MRSA acquired on the unit. Only topical antibiotics as part of SDD have been shown to control secondary endogenous infections 10, 32 , as the apparent protective effect of systemic antibiotics disappears after one week 19, 24 .
The routine use of SDD with polymyxin E/ tobramycin/amphotericin B in long-stay ICU patients has practically eliminated the pneumonia problem due to aerobic Gram-negative bacilli in the adult population, whilst there were only three secondary lower airway infections in the children. The inherent limitation of SDD is MRSA 15 . The antibiotics selected for the SDD prophylaxis do not cover this microorganism. In our study, 70% (19/24) of lower airway infection episodes in adults were due to MRSA. Of those MRSA infections, six were imported into the ICU (i.e. primary endogenous). Five percent of pneumonias (2/40) in the paediatric population were due to MRSA. It is obvious that, in reducing the Gramnegative pneumonia due to SDD, the percentage of MRSA infections increased proportionally. Moreover, as adults suffered from more chronic underlying diseases, the incidence of MRSA lower airway infections was higher in adults than in children, where methicillin-sensitive Staphylococcus aureus (MSSA) and H. influenzae were prevalent.
We believe that surveillance samples of throat and rectum, to detect the carrier state, have provided better insights into the pathogenesis of infections in patients requiring mechanical ventilation [8] [9] [10] 26 . The term "nosocomial" literally means hospital, and hence, all lower airway infections occurring in critically ill patients during their stay on the ICU are labelled nosocomial infections. However, the aetiologic microorganisms are in most cases not nosocomial, but imported. The traditional 48 h cut-off is inappropriate, as lower airway infections occurring during the first week of ICU stay are mostly due to bacteria imported by the patient and not related to the unit. The nosocomial infection problem in ICU has generally been thought to be a huge early phenomenon using a time cut-off of 48 hours, whilst in this study surveillance cultures revealed the noso-comial infection to be a late and less substantial phenomenon.
A recent study, using the susceptibility pattern of the microorganisms causing ventilator-associated pneumonia as a means of distinguishing between early and late pneumonia, indicated a cut-off of seven days as a useful tool for classifying infections 7 . All 22 episodes of pneumonia occurring within one week were caused by antibiotic susceptible bacteria, whilst the 84 late onset episodes of infection were due to potentially resistant bacteria. Those observations are not in line with our findings, as primary endogenous infections can be caused by resistant bacteria in critically ill patients referred from other hospitals, wards or nursing homes, as illness severity determines carriage of resistant aerobic Gram-negative bacilli and MRSA.
Finally, incubation time cut-offs are generally less secure than the use of the carriage method to distinguish between imported and ICU-acquired pneumonias, both in adults and in children. Our study, albeit of small sample size, showed that the 48 h cutoff identified only a fraction of primary endogenous infections (57% and 37% in adult and paediatric population, respectively), and magnified the nosocomial infection problem, i.e. all infections occurring after 48 h, were apparently caused by nosocomial bacteria acquired in the unit.
We believe that the monitoring of carriage on admission and throughout the stay on the ICU in a subset of critically ill patients (e.g. long-term ventilated), is useful for the accurate identification of the nosocomial problem following breaches of hygiene requiring cross-infection investigations. In contrast, the traditional incubation time cut-off of 48 h, in exaggerating the nosocomial problem, has led to expensive and time consuming cross-infection investigations, after blaming health carers for microbial transmission for which they are not responsible.
